Abstract Degradation of Brilliant Green (BG) dye has been studied using Fenton reagent in the dark environment. The intensity of dye color was pH dependent with maximum absorbance at pH 6. N-de-alkylation caused dye decomposition which resulted in the reduction of absorbance. The rate of BG dye decolorization increased with an increase in the H 2 O 2 and Fe 2? concentration. The presence of background ions commonly found in an industrial dyeing wastewater suppressed the efficiency of color, COD and TOC removal within 9 %. There was about 2.9-fold increase in biodegradability index after 30 min of reaction. The proposed mechanism showed the routes of dye degradation with low errors (-0.88 to 0.49 g mol -1 ) with respect to the exact mass. Dye degradation began with Nde-ethylation, and later was further cleaved to aromaticamine, -acid, -alcohol and -additive products. Hydroquinone was originated by hydroxylation of N,N-diethyl aniline. An equilibrium cycle among quinone, hydroquinone and Fe(III)-hydroquinone was exhibited through the formation of charge transfer complex.
Introduction
Dyes are used as coloring agents in many industries like textile, plastic, cosmetic, food and paper [1, 2] . They generate effluents containing various types of dyes and pigments. Such effluents are frequently discharged into natural water bodies with and without proper treatment. Dye effluents are characterized by fluctuating pH with high suspended solids and oxygen demand [3] . It also retains the color even after conventional treatments such as biological, adsorption, coagulation, floatation and membrane filtration [4] . Dyes are usually difficult to biodegrade. A large degree of aromaticity present in modern dye molecules increases stability, and conventional biological treatments are ineffective for decolorization and degradation [5, 6] . Furthermore, a large fraction of dyes is adsorbed on the sludge and is not degraded. Ozonation and chlorination are also used for the removal of certain dyes, but at slower rates [7, 8] . They often have high operating costs and limited effect on carbon content [7] . Advanced oxidation processes (AOPs) are potential to overcome many of these limitations. Among different AOPs, Fenton process is one of the most powerful oxidative treatments operated at room temperature and pressure. Fenton • OH through a complex reaction sequence in an aqueous solution.
• OH radicals formed thus cause unselective oxidation of various types of pollutants such as textile dyes, pharmaceutical wastes and other complex organic pollutants in a short reaction time [8] . Hydroxylated and carboxylic derivatives are transformed into H 2 O and CO 2 [9] . Moreover,
•
OH is converted to OH -forming Fe 3? in Fenton reaction. The rate constant of this reaction is a few orders higher in magnitude than the Fenton reaction. Fe 2? is regenerated in small quantity yielding hydroperoxyl radical (
• OOH).
• OH scavenging by H 2 O 2 at pH \ 3 could form
• OOH of low oxidation potential (1.7 V vs. SHE) [10] .
Fenton oxidation sometimes gives inefficient degradation because of iron-organic complexes [11, 12] . Liu et al. [13] investigated the effect of four flavonoids, i.e., baicilein, luteolin, naringenin, and quercetin suppressing the rate of Fenton reaction. They used the electrochemically reduced iron(III)-ATP complex at a minimum ratio of flavonoid to iron of 1.5:1 at pH 7.4. The rate is suppressed in the order as, quercetin [ luteolin [ naringenin [ baicilein. The catechol group in quercetin and luteolin structure enhances iron chelation. Roy et al. [14] proposed a possible degradation mechanism of tropaeolin using iron under oxidizing conditions. Iron-chelate complexes, as well as hydroquinone and quinone compounds, are also identified by mass spectroscopy.
Approximately, 50-70 % of azo dyes consist of the anthraquinone group. They are found in various categories, i.e., acid, basic, disperse, azoic and pigments [8] . Some azo dyes and their precursors have shown to be or are suspected to be human carcinogens [15] . Brilliant Green (BG) is a cationic dye, extensively used in paper printing and textile dying [2] . BG dye causes eye burns, irritation to the gastrointestinal tract and skin irritation with redness and pain [2, 16] . The symptoms also include shortness of breath and cough.
Studies on the removal of BG dye include adsorption using modified kaolin clay [17] , combinations of sonolysis, photolysis and microwave processes [18] , ozonation using micro-bubbles [19] and Fenton-like process (Fe 3? /H 2 O 2 ) [20] .
The routes of BG cleavage is dependent on the target sites of
• OH radicals. The central carbon atom of BG dye is the most preferred site of • OH attack because of its nucleophilic character. Quinone and hydroquinone derivate could form during BG dye decomposition. Likewise, an experimental study is undertaken to investigate the oxidative degradation of BG dye in Fenton reaction. The influence of pH and Fe 2? to H 2 O 2 mol ratio on color, mineralization, and biodegradability index also has been studied. The mechanism of dye decomposition is proposed and supported with respect to the exact mass-to-charge ratio appeared in the mass spectra which is not yet reported for Fenton process. A route of iron chelation with hydroquinone molecule is established. Furthermore, BG dye solution was spiked with different background species comparable with the industrial effluent to uncover the impact on the removal kinetics and degradation mechanism.
Materials and methods

Reagents
All chemicals and reagents were procured from Merck, India. The purity of BG dye is 90 % (molecular formula: C 27 4 , 97 % purity, w/w) and 0.2 M monobasic sodium phosphate (NaH 2 PO 4 , 97 % purity, w/w) were mixed to obtain the buffer solution of pH 6. It was used to raise the solution pH to terminate the Fenton reaction as well as to maintain pH before absorbance measurement.
Analytical techniques
BG concentration was determined using an UV-Vis Spectrophotometer of Thermo Scientific, India (model: UV 2300). The solution was scanned in the range from 200 to 800 nm, and the maximum absorbance was found at 623 nm. Solution pH was measured using a precision pH meter of Eutech Instruments, Malaysia (model: pH/ion 510). Determination of chemical oxygen demand (COD) was performed according to HACH method. A closed reflux digester of HACH, USA (model: DRB 200) was used for digestion. Mineralization of BG dye was monitored on the basis of total organic carbon (TOC) measurement (TOC analyzer, model: Aurora 1030C, O.I. Analytical, USA). 5-day biological oxygen demand (BOD 5 ) was determined using the bottle incubation method. The following mineral basis (g L The identification of BG dye fragments was carried out by a liquid chromatography-time-of-flight mass spectrometry (LC-TOF-MS) (Waters Q-Tof Premier and Acquity UPLC). The chromatographic separation was performed on a YMC Hydrosphere C 18 reverse phase column (4.6 mm 9 150 mm, 5 lm particle size) following a guard column (4 mm 9 10 mm, 5 lm particle size). A mobile phase flow rate of 0.8 mL min -1 was employed at 25°C. DI water and acetonitrile were used as the mobile phase consisting of 0.1 % (v/v) formic acid. A linear gradient of 95-50 % H 2 O was applied over 10 min. A 10 lL of both sample and calibration solution were injected from an autoinjector. The samples were analyzed by electrospray ionization method in positive ion mode over the mass range of 100-400 amu. The parent ion was fragmented on the basis of a suitable range of mass-to-charge (m/z) ratio. Daughter ions were again selected for further fragmentation.
Experimental procedure
A cylindrical borosilicate glass beaker (1 L) was used as the reactor. Fenton oxidation was carried out with 400 mL dye solution with an initial concentration of 50 mg L unavailability by converting into Fe 3? . Iron flocs were then separated by centrifugation at 1600 rpm for 20 min. Supernatant was analyzed for dye content, pH, COD, TOC, and BOD 5 values. In addition to that, the supernatant was also filtered using 0.45 lm cellulose filter (serial no. 08091ID0683, Pall India Pvt Ltd. India), before LC-MS analysis. The supernatant was heated at 80°C for about 1 h on a hot water bath to eliminate residual H 2 O 2 , if any, to minimize the interference with COD, TOC, and BOD 5 determinations [20] . All the experiments were repeated and error bars with respect to the mean values are included in the figures.
Results and discussion
Effect of pH on variation of color intensity
Brilliant Green is a cationic dye, and its intensity of the color depends on solution pH. The effect of solution pH on the light absorbency of BG dye was studied in the pH range from 1 to 8. Dye concentration was maintained at 4 mg L -1 . The results are illustrated in Fig. 1 . It was observed that absorbance increased with the rise of solution pH and reached a maximum at pH 6 ( Fig. 1, inset) . Further, the increase in solution pH resulted in the reduction of its absorbance. At pH B 2, BG dye solution became almost colorless.
The variation of color intensity was due to its extended conjugated system of alternate double and single bonds. At higher pH, the reaction occurs between OH -ion and BG molecule with the disruption of conjugation (Fig. 2) . The central carbon atom of BG acts as an electrophilic center and the addition of OH -is likely favored and, so the intensity of color decreased with the increase in pH. The rate of color disappearance of BG dye was faster in alkaline medium because of its high nucleophilic character. Decolorization can also occur via nucleophilic attack by H 3 O
? but a slower rate in a mild acidic medium.
destroyed the conjugation between the aromatic rings and a colorless compound was formed at low pH. In case of acid as well as alkaline regimes, these two nucleophiles exhibited the similar phenomenon of disrupting the conjugated diene system to terminate the quinone moiety of BG dye [23] . However, only pH variation did not have any effect on COD reduction.
Determination of optimal pH and Fe
/H 2 O 2 molar ratio
pH has a pivotal role in the decomposition of a contaminant in Fenton and Fenton-like reactions. Furthermore, the separation of Fe(III) species is strongly affected by the pH change. The role of pH in the Fenton reaction is commonly studied [23] . pH of a solution is likely to be in acidic range to generate the maximum amount of hydroxyl radicals. The However, a further increase up to 350 rpm showed no significant improvement on the removal. Hence, the subsequent study was performed at 270 rpm. pH was varied from two with an increment of one unit up to six. Figure 3b presents the comparative color and COD reduction at 30 min of reaction. The highest amount dye was degraded at pH 3. Further pH elevation lowered BG decolorization. Generation of hydroxyl radicals is retarded due to the formation of ferric-hydroxo complexes typically at pH [ 4. H 2 O 2 is also unstable in an alkaline solution. Thus, the application of Fenton reagent is restricted at pH [ 7 [11] .
Considerably lower COD removal was noted than the corresponding decolorization. It may be corroborated by the yielding of organic fragments which was not being completely mineralized under oxidation conditions. Decolorization and COD removal dramatically increased from 54 to 95 and 47 to 77 % with the pH rise from 2 to 3 at 30 min, respectively. Further increase of pH up to 6, color, and COD removal dropped to 76 and 41 %, respectively. Henceforth, pH 3 was selected as the optimum value for subsequent studies.
The selection of an optimum H 2 O 2 concentration to achieve the maximum removal efficiency of a pollutant is an important factor associated with the treatment cost. concentration 56 mg L 10) . The molar ratio is given in the parenthesis, and the results are shown in Fig. 4 . The majority of BG molecule was cleaved within 2.5 min. It is attributable to the predominant
• OH formation in the first stage of the reaction.
• OH is progressively transformed to OH -leaving off Fe 3? and eventually the reaction is terminated. It is evident from Fig. S1 of the Supplementary Material that dye decomposition was enhanced notably with the increase of both Fe (Fig. 4) . It increased to 93 % at 1:10 from 91 % at 1:5. Therefore, Fe 2? /H 2 O 2 mol ratio of 1:5 was chosen for the rest of the investigations.
Comparative dye, COD and TOC removal at optimal condition BG dye decolorization showed two distinct rate periods (Fig. 5) , i.e., initial faster color removal followed by almost a constant rate period even though there was a sufficient amount of unreacted dye. Decolorization rate was faster at \2 min, and it attained the steady condition within 5 min. Whereas COD and TOC removal was increased even more gradually with the reaction time. The high initial rate of • OH formation resulted faster dye (till 5 min), COD and TOC (till 20 min) removals. Maximum COD and TOC removal were found as 85 and 71 % in 20 min against the color removal of 87 %. After that, there was no notable effect of treatment time on color, COD, and TOC removal. Khuntia et al. [19] also obtained about 99 % decolorization and 80 % mineralization of BG dye in 40 and 60 min at neutral pH using ozone microbubbles.
The industrial dyeing effluents are laden with different background species like Cl -, SO 4 2-, PO 4 3-, Na ? , Ca 2? , Mg 2? , etc., [26] [27] [28] . Most of the times it reduces the treatment efficiency and also could influence the degradation pathways. The composition of industrial dyeing effluents from different sources is listed in Table S1 of the Supplementary Material. Likewise, the BG dye solution was spiked with common salts to achieve almost the similar composition of a real industrial dyeing effluent (Table S2 of Cl -acts as • OH radical scavenger (Eqs. (1) and (2)) resulting in the reduction of its availability. Apart from this, Cl -ion has a strong affinity to coordinate with ferric ion forming a less reactive hexachloro-ferrate (FeCl 6 3-) complex [29] which in turns could suppress
• OH formation. SO 4 2-also reacts with Fe(II) and Fe(III) ions producing FeSO 4 and Fe 2 (SO 4 ) 3 that decreases the catalytic activity [30] .
The difference in the rate of dye decolorization and TOC reduction is illustrated in Fig. S2 of the Supplementary Material. The decolorization rate was faster than mineralization at the beginning of the reaction, and it dropped almost linearly till 5 min of reaction. Subsequently, TOC removal rate was faster than the corresponding decolorization rate. The change in dye color is due to the loss of its conjugation which resulted in the formation of hydroquinone. It implies that the formation of hydroquinone and quinone derivatives was easier than splitting of dye into inorganic compounds.
Enhancement of biodegradability index
The ratio of biochemical oxygen demand to chemical oxygen demands (BOD/COD), termed as biodegradability index, is an important indicator to study the nature of biodegradability [31] . The initial BOD 5 and COD were 13.3 and 78 mg L -1 for an aqueous solution of 50 mg L -1 BG dye. It implies the non-biodegradable nature of BG dye (BOD 5 /COD = 0.17). It is considered that wastewater containing coloring agents are reasonably biodegradable with BOD 5 /COD C 0.4 [32, 33] . The biodegradability index (BOD 5 /COD) increased up to 0.49, i.e., with BOD 5 3.43 and COD 7 mg L -1 , when BG dye decolorization was about 98 % at the end of the run (Fig. 5) . It implies that Fenton oxidation can be used as a pre-treatment step prior to biological treatment of textile effluent containing such azo dyes. He et al. [34] found that BOD 5 /COD of wastewater containing nitrobenzene increases from 0.03 to 0.47 in Fenton oxidation at pH 3, optimum H 2 O 2 to Fe 2? mole ratio 9.9 and reaction time 150 min. Ramteke and Gogate [35] worked on the decomposition of p-nitrophenol and ethylbenzene using Fenton reagent. The BOD 5 /COD ratio increased to 0.297 and 0.355 from the initial values of 0.224 and 0.156.
Mechanism of BG dye decomposition and formation of intermediates
LC-MS technique was used to determine intermediates formed during cleavage of BG molecule as well as to understanding the mechanism of dye degradation. The mass-to-charge ratio (m/z) of important intermediates detected in mass spectra is shown in Fig. 6 . It shows that BG molecule was cleaved into 12 fragments. The possible pathways of their formation are illustrated in Fig. 7a . The error in m/z is computed from its difference between the proposed and exact values (Table 1) .
Fairly low errors (-0.88 to 0.49 g mol -1 ) in the proposed mass of the fragments were obtained ( Fig. 7a ; Table 1 ). Hydroquinone, i.e., 1,4-dihydroxy benzene was formed which is very susceptible to get oxidized [36] , and p-benzoquinone was originated from this compound. The central carbon atom has nucleophilic character due to the presence of two bulky electron-donating groups. 'D' following a subscript denotes degradation products. D 1 (N,Ndiethyl aniline) was yielded by an electrophilic attack [37] at the more nucleophilic carbon atom. D 2 molecule appeared by the substitution of
• OH radical at p-position with respect to the diethylamine group (-Et 2 N) of D 1 as this group is ortho (-o) and para (-p) orienting. The o-product has a lower possibility of the formation because of steric hindrance [38] between diethyl amine and -OH groups. Successive hydroxylation of D 2 molecule at o-position followed by a reaction between two -OH groups and NaOH yielded D 3 with quite low error (-0.05 g mol -1 ). Hence, two -OH groups are converted to Na-salts of phenoxide ion because of the addition of NaOH during
• OH radical quenching at different time intervals. D 4 , an aromatic ketone compound, was originated by an electrophilic attack of
• OH radicals with the disappearance of the quinone structure. The color of BG is due to the presence of quinone structure [8] . D 4 was further oxidized to benzoic , pH 3, agitation speed 270 rpm, temperature 25 ± 2°C and solution volume 400 mL (Fig. 7b) . The substitution reaction occurred easily by
• OH radical because of steric hindrance [39] between bulky amine and -OH groups. D 12 was originated as an additive product by the nucleophilic attack of N,N-diethyl aniline (from the para position) and the D 5 molecule (Fig. 7b) . The carbonyl center of -COOH group in D 5 acted as an electrophile [40] .
It is seen that Fenton oxidation could effectively reduce the color of BG dye. COD reduction was about 7 % less in comparison to decolorization as in Fig. 5 . It is due to possible of the formation of different iron chelate including hydroquinone, and quinone compounds. Hydroxylation of N,N-diethyl aniline yielded hydroquinone and the path of its formation is shown in Fig. 7c . Hydroquinone has equal probability to react with Fe 3? as well as to get oxidized to quinone through a redox cycle between quinone and hydroquinone and, Fe 3? and Fe 2? . Fe(III)-hydroquinone chelate complex is likely to be more stable because of less stability of quinone. Such iron-complexes usually exhibit resistance to further degradation in Fenton and Fenton-like reactions. This explains the lower COD removal than the decolorization [41, 42] .
Conclusions
The study on Brilliant Green (BG) dye signifies that Fenton oxidation is a promising treatment option for decolorization and mineralization of coloring components from wastewater. The following conclusions are drawn from the present work:
• The green appearance of BG dye is due to the presence of quinone moiety. pH greatly influenced the absorption intensity of BG solution due to disruption of an extended conjugated system and the maximum absorbance was observed at pH 6.
• The optimal pH and molar ratio of Fe 2? /H 2 O 2 were found as 3 and 1:5. The maximum color and COD removals were 98 and 91 % of 50 mg L -1 BG dye at 30 min of oxidation time. The unreacted dye exhibited negative synergy on COD removal.
• The addition of common ions in dye solution similar to that in an industrial effluent caused more or less 9 % reduction in dye color and mineralization efficiencies.
• Biodegradability index (BOD 5 /COD) augmented to 0.49 after 30 min of oxidation from its initial value of 0.17 with 50 mg L -1 BG dye.
• The central carbon atom of BG molecule acts as a nucleophilic center in the presence of two bulky electron-donating groups. Dye decomposition was initiated with an electrophilic attack at the more nucleophilic center.
• A redox cycle was established between quinone/ hydroquinone and Fe 3? /Fe 2? system. Lower COD removal than decolorization could be explained by more stability of Fe(III)-hydroquinone chelate which was resistant to further decomposition in Fenton oxidation.
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